ABSTRACT: Knowing how a wildfire will behave is extremely important in order to assist in fire suppression and prevention operations. Since the 1940's mathematical models to estimate how the fire will behave have been developed worldwide, however, none of them, until now, had their efficiency tested in Brazilian commercial eucalypt plantations nor in other vegetation types in the country. This study aims to verify the accuracy of the Rothermel (1972) fire spread model, the Byram (1959) flame length model, and the fire spread and length equations derived from the McArthur (1962) control burn meters. To meet these objectives, 105 experimental laboratory fires were done and their results compared with the predicted values from the models tested. The Rothermel and Byram models predicted better than McArthur's, nevertheless, all of them underestimated the fire behavior aspects evaluated and were statistically different from the experimental data.
INTRODUCTION
Eucalyptus is an important industrial plantation genus planted all around the world for paper pulp, fiberboard, industrial charcoal, and fuelwood (TURNBULL, 1999) . In Brazil, because of its rapid growth and good adaptation to the environmental conditions, the Eucalyptus is, by far, the most widely forest genus used for paper and cellulose production, with an estimated planted area at 5.10 million hectares (ABRAF, 2013) .
Due to the genetic improvements achieved by companies in forestry research, the trees for pulp production increase biomass very quickly, being usually harvested before reaching 7 years of age, when they attain 35 meters in height (SBS, 2009) . This characteristic of the Brazilian eucalypt plantations is responsible for an accumulation of larger amounts of litter above the ground with a surface fuel arrangement, load and structure different from any other type of vegetation, including the Australian native eucalypt forests (FERNANDES et al., 2011; BORGES et al., 2011; WHITE et al., 2014) .
Annual economic losses caused by fires in these planted forests are quite high. In Brazil, the exact number of fires and burned area data are difficult to obtain, however Santos et al. (2006) calculated that between 1998 and 2002, 5,832 fires occurred in eucalypt plantations in the country. This amount represented 30% of all fires in all vegetation types recorded, and accounted for a burnt area of 13,562 hectares, 16% of the total area burned during this period.
The main method to prevent wildfires is through an effective program of fire prevention and suppression. This can be done more efficiently by understanding how a fire will behave. Mathematical models to describe fire behavior began to be developed in the 1940's and, according to Pastor et al. (2003) , 43 different surface fire behavior models were created in 10 different countries until the year 2000. Among all different models, the Rothermel (1972) surface fire spread is the most used in the world (Pastor et al., 2003; Wells, 2008; Andrews, 2010) . This model has been incorporated into many programs, such as the BehavePlus (ANDREWS et al., 2002) , an update of the original BEHAVE (ANDREWS, 1983) , that, according to Andrews (2010) , is the leading fire behavior predicting system used in the USA.
Modelling fire behavior studies in Eucalyptus began with the work of McArthur (1962) who, using controlled burns, designed meters for determining the surface fire behavior in Australia's native forests. The meters were converted into equations by Gould (1994) and then inserted into software applications, like the CSIRO Fire Danger and Fire Spread Calculator (CSIRO, 1999) , that greatly enlarged their utility. In the following decades, several researches developed new studies and models increasing the knowledge about fire behavior in eucalypt forests (Eg. PEET, 1965; MCARTHUR, 1967; BURROWS, 1994; BURROWS, 1999; ELLIS, 2000; GOULD et al., 2007; CHENEY et al., 2012; . However, the models developed by McArthur are still being used by fire management agencies in Australia and in several research activities (CRUZ et al., 2014) . Despite all these studies, a lack of comprehension of how fire behaves in eucalypt plantations outside its natural habitat remained.
Knowing that the currently existing mathematical models depend, mainly, on the characteristics of the available fuel and on atmospheric conditions (WHITE et al., 2013) , there is a need to evaluate their efficiency in different conditions from which they were developed. Therefore, this study tested, through experimental laboratorial fires, the efficiency of the Rothermel (1972) fire spread model, the Byram (1959) 
MATERIAL AND METHODS

Collecting the fuel load
The fuel collected for the laboratory burns was from the eucalypt plantations of the COPENER Florestal Ltda. company, located on the north coast of the state of Bahia, Brazil, between latitudes 11º15'S and 12°30'S and longitudes 37°30'W and 38°45'W. The total area is about 100.000 hectares planted with hybrid eucalypt resulting from the cross of Eucalyptus grandis (Hill ex. Maiden) with Eucalyptus urophylla (S. T. Blake).
Forest fires occur every year at the study site and cause financial losses for the company. According to White et al. (2013a) , 401 fires were detected between 01/2002 and 01/2010, most of them from arson. Nonpublished records of the company describe, for the same period, an average burnt area of 6 ha per fire. The largest fire damaged 48.66 ha.
Laboratory burns
The fuel load was collected from the study area and taken in nylon bags to the laboratory where 105 experimental burns were done seeking to represent different ways that a fire can behave in eucalypt stands: dry season fires, rainy season fires, low or high fuel load, with and without influence of the wind.
The burn table of 1.5 x 1.5 meters was installed in a semi open area (roofless, but with 3 meter tall sidewalls) with zero degree slope at ground level. A drip torch filled with kerosene was used to ignite a 1.5 m width fireline located at the windward initial edge of the burn table.
The fuel arrangement in the burn table sought to represent the original fuel bed characteristics found at the study site and already described and published in a previous study (WHITE et al., 2014) .
To simulate the fire behavior using the Rothermel (1972) , Byram (1959) and McArthut (1962) models, the independent variables measured in each burn were: 1-h dead fuel load; 10-h dead fuel load; fuel bed depth; 1-h fuel moisture; 10-h fuel moisture; and wind speed.
To determine the load and the moisture content of 1-h, 10-h, the entire fuel, immediately before being burned, was separated according to the time-lag class and weighed. A small sample for each class was packaged in paper bags, weighed and dried in an oven at 100ºC for approximately 24h until they reach constant mass. Knowing the moisture content, the dry fuel load was determined.
After weighing, the fuel was homogeneously scattered onto the combustion table and the fuel bed depth was determined based on the mean of five random measurements. The wind speed was measured with a handheld anemometer (LUTRON Electronic Enterprise Model: LM-8000) positioned right before the combustion table at eye level height.
Two aspects of fire behavior (dependent variables) were analyzed: rate of spread and flame length. The rate of spread was measured with a chronometer to determine the time that the flame front passed from the first line to the end line. The flame length was determined visually with the aid of a graduated wood scale positioned right next to the combustion table and later, confirmed with photographs and videos. Some of the laboratory fires failed to propagate until the end line, therefore their given rate of spread was zero. The flame length received a zero value only when the fire extinguished before reaching the second line. More details about the burn table and experimental burns can be found in White et al. (2016) .
Simulating fire behavior and comparing with experimental data
a) The Byram (1959) flame length and Rothermel (1972) rate of spread models.
At the end of each experimental burn, all the fuel and meteorological input data were used to simulate the fire rate of spread using the Rothermel (1972) model, and flame length using Byram (1959) ). All the simulations where done using the BehavePlus Fire Modeling System version 5.0.5 (ANDREWS, 2009), with custom fuel models. The values needed to perform the simulations for the 1-h surface-area-to-volume ratio (SAV), dead fuel moisture of extinction and dead fuel heat content, were based on a review of studies done in eucalypts plantations (CHANDLER et al., 1983; MOORE, 1986; CRUZ, 2005; BATISTA, 2007; FERNANDES et al. 2011) , and set as 4,200 m 2 . m -3
, 30%, and 21,000 kJ . kg
To simulate the fire rate of spread and flame length using the McArthur (1962) model for controlled burns in eucalypt forests, it was initially necessary to determine the available fuel load. The McArthur model calculates this by multiplying the total dry fuel load by the fuel reduction factor (defined according to the amount of rainfall and the number of days since the last rain). In this study, the available fuel load was defined by the total fuel load minus the unburned load weight at the end of each experiment.
The equations derived from the McArthur (1962) meters and described by Gould (1994) , were used to determine the rate of spread and the flame height (Equations 3 and 4). All the simulated values were compared with the experimental data through the Wilcoxon Signed-Ranks test, a nonparametric test designed to evaluate the difference between two treatments where the samples are correlated. To verify the performance of each model in predicting the fire behavior, the following statistical measures of agreement between predicted and observed values were assessed: the Pearson correlation (r); the coefficient p-value; the root mean square error (RMSE); the mean absolute percent error (MAPE); and the mean absolute error (MAE). Predicted and observed data were also plotted as scattergrams and compared with the line of exact agreement.
RESULTS
Laboratory burns
Overall, most of the experimental burns propagated slowly and with short flame due to the high moisture content of the fuel load that presented a mean value of approximately 17%. According to the classification of Botelho and Ventura (1990), the rate of spread was in most cases "slow", with a speed less than 1.98 m . min ). The flame length, in most cases, was "short" (< 0.6m) according to Roussopoulos and Johnson (1975) classification. The maximum length was 1.2 m. Some of the laboratory fires failed to propagate therefore their given rate of spread and flame length was zero (Table 1) .
Although the meteorological parameters in the laboratory were similar to those described in the field (WHITE et al., 2013a; WHITE et al., 2014) , extreme dryness and high wind speed conditions were not analyzed. More on the characteristics of all parameters measured during the 105 laboratory burns are available at White et al. (2016) .
Simulating the fire behavior with Rothermel and Byram models and comparing with experimental data
The experimental rate of spread was, on average, 2.85 times greater than predicted by the Rothermel (1972) fire spread model. The Wilcoxon test confirmed statistical difference between both data (Z = -7.95; p <0.01). The flame length during the experiments was also, on the average, 2.39 times larger than predicted by the Byram (1959) model. Similarly, these results were statistically different through Wilcoxon test (Z = -8.35; p <0.01).
Simulating the fire behavior with the McArthur model and comparing with experimental data
The experimental rate of spread was, on average, 2.77 times greater than predicted by the McArthur (1962) control burn model. The Wilcoxon test proved that both data had a significant statistical difference (Z= -6.44; p <0.01). Regarding the flame length, the experimental data was, on average, 1.47 times larger than simulated. The Wilcoxon test again attested statistical difference between both data (Z = -5.14; p <0.01). The line of exact agreement is shown superimposed over the scatter plot of predicted and observed values for the Although the rate of spread and fl ame length simulated with the McArthur model presented a mean value closer to the observed mean, all the statistical parameters indicated that the Rothermel and Byram models were better in predicting these fi re behavior parameters.
DISCUSSION
The simulations data using Rothermel (1972) , Byram (1959) and McArthur (1962) models exhibited signifi cant differences when compared to the experimental data. All the models under-predicted the rate of spread and fl ame length with a mean absolute percent error (MAPE) between 54-71%. Cruz and Fernandes (2008) using the Rothermel (1972) fi re spread model to assess the surface fi re rate of spread in conifer forest in northern Portugal, found that 65% of the experimental fi res were under-predicted while 35% over-predicted. According the same authors, the MAPE was 42%. Under-prediction bias by the Rothermel (1972) surface fi re spread model was already reported by several other authors such as McCaw (1995) in Australian shrubland; Grabner et al. (1999) in oak savannas in the USA; Stephens et al. (2008) and Weise et al. (2016) in chaparral fuel beds of California; and others. Cruz and Alexander (2013) in a review over 49 different publications that evaluated the effi ciency of several different rate of spread predicting models (including the Rothermel model), determined that only 3% of the predictions (35 out of 1278) were considered to be exact. According the same authors, under-prediction bias was prevalent in 75% of the models and more than half of them had mean absolute percent error between 51 and 75%. Another review done by White et al. (2013b) also affi rms that most of the studies using the Rothermel (1972) model under-predicted the fi re rate of spread.
The Byram (1959) fl ame length model is calculated from fi reline intensity, which is a function of rate of spread and heat per unit area. Fernandes (2009) in conifer forest litter in Sevivas, Portugal, concluded that the Byram (1959) model under-predicted observed experimental fl ame length. Similar results were found by Stephens et al. (2008) when comparing the predicted Byram's fl ame length with observed values from Chaparral Prescribed Fires in Northern California. The Byram's fi reline intensity is useful to quantify certain fl ame characteristics but one should not necessarily always expect good agreement between observed fl ame lengths and predictions (CHENEY, 1990; CRUZ, 2012) . White et al. (2013b) affi rms that just like the Rothermel (1972) , the Byram's (1959) model under-predicted the fl ame length in most of the studies reviewed. and observed values are presented in Table 2 .
Studies that assessed the efficiency of the McArthur (1962) control burn model were done mostly in Australia. Davis (1976) compared control burn model predictions with observed rates of spread in dry sclerophyll forest in the Black Mountain Reserve, Australia, and obtained a MAPE of 38% and a 0.12 m/min mean under-prediction bias. Tolhurst et al. (1992) , doing prescribed fires in Australian eucalypt forest found that 59% of the fires rate of spread were under-predicted with a MAPE of 48%. Gould (1994) asserts that the model under-predicted the rate of spread in regrowth Eucalyptus sieberi forests in 89% of the cases. The McArthur (1967) models for wildfires in dry eucalypt forest also under-estimated about 2 or 3 times the fire rate of spread in natural eucalyptus forests in Australia during the dry summer (GOULD et al., 2007; CRUZ et al., 2014) . McCaw et al. (2008) described an under-prediction bias for fire rate of spread and other fire behavior characteristics including fire intensity, flame dimensions and spotting potential by the McArthur (1973) Mark V model in Australian Eucalyptus marginata forests.
Model predictions are quite often quoted to a decimal place, implying considerable precision in the outcome (ALEXANDER; CRUZ, 2012). Nevertheless, it is important to consider that fire combustion is a very dynamic event due to the heterogeneity in fuelbed structure and changes in the wind. Therefore, it is practically impossible for a model to be correct 100% of the time. Unfortunately, there is no generally agree upon standard that currently exists within the wildland fire community in regard to what constitutes as an acceptable error in a prediction from a fire behavior model. However, Cruz and Alexander (2013) established that a ±35% mean absolute percent error should constitute a reasonable and conservative standard for fire spread rate model performance. Since all the simulations in this study presented MAPE values above 35%, there is a need to evaluate other models or build new ones in order to better predict fire behavior in Brazilian commercial eucalypt plantations. An efficient fire behavior predicting model is the key for effective management action before and during a fire (CRUZ et al., 2014) .
CONCLUSION
The Byram (1959 ), McArthur (1962 and Rothermel (1972) fire behavior predicting models significantly underestimated the fire rate of spread and flame length when compared with laboratory burns data with a high mean absolute percent error between 54-71%. Overall, the Rothermel (1972) and Byram (1959) 
